Post-traumatic stress disorder (PTSD) is a syndrome which serves as a classic example of psychiatric disorders that result from the intersection of nature and nurture, or gene and environment. By definition, PTSD requires the experience of a traumatic exposure, and yet data suggest that the risk for PTSD in the aftermath of trauma also has a heritable (genetic) component. Thus, PTSD appears to require both a biological (genetic) predisposition that differentially alters how the individual responds to or recovers from trauma exposure. Epigenetics is defined as the study of changes in organisms caused by modification of gene expression rather than alteration of the genetic code itself, and more recently it has come to refer to direct alteration of DNA regulation, but without altering the primary sequence of DNA, or the genetic code. With regards to PTSD, epigenetics provides one way for environmental exposure to be "written" upon the genome, as a direct result of gene and environment (trauma) interactions. This review provides an overview of the main currently understood types of epigenetic regulation, including DNA methylation, histone regulation of chromatin, and noncoding RNA regulation of gene expression. Furthermore, we examine recent literature related to how these methods of epigenetic regulation may be involved in differential risk and resilience for PTSD in the aftermath of trauma.
Introduction
Post-traumatic stress disorder (PTSD) is a Diagnostic and Statistical Manual of Mental Disorders 5th ed. (DSM-5) diagnosis marked by the development of stressorrelated symptoms following one or more traumatic events. 1 Outlined in the DSM-5, a traumatic event is defined as exposure to actual or threatened death, serious injury, or sexual violence that is experienced directly, witnessed, experienced vicariously through family or close friends, or experienced repeatedly or with extreme exposure to aversive details of the traumatic event. Diagnostic criteria and symptomology include the following: intrusive symptoms; avoidance of stimuli associated with the traumatic event; negative alter-ations in cognition and mood; alterations in arousal and reactivity associated with the traumatic event; and in some cases, dissociative symptoms. 1 While around 50% to 60% of the population will experience traumatic stress over the course of their lifetime, the lifetime prevalence for PTSD using DSM-IV criteria has been estimated at around 8.7%. 2, 3 The disparity between trauma exposure and the development of trauma-related disorders has garnered much interest, and our understanding of what contributes to this susceptibility or resilience is still limited. 4, 5 The old debate of nature versus nurture sought answers in a single domain; however, as our understanding continues to evolve, it has become clear that-like many
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other mental disorders-PTSD development is heavily influenced by an interplay between environmental factors and genetic predisposition or heritability. The study of epigenetics bridges both sides of this debate and focuses on the changes in gene expression that may be caused by our environment. In our review on the epigenetics of PTSD, we will discuss the heritability of this disorder and give an overview of epigenetic mechanisms, targets, genome-wide association studies (GWAS), and epigenome-wide association studies (EWAS) conducted to date, and future directions for the field.
Heritability
Diagnosis of PTSD is reliant on environmental influence through a traumatic event. Given this fact, it may seem backwards then to study the heritability of a disorder that requires an outside event for its manifestation. Contrary to what may seem intuitive of a disorder with this diagnostic criterion, research suggests that genes do play a role, and perhaps a significant one, in the risk of developing PTSD.
Twin studies serve as an invaluable tool to parse out genetic and environmental factors and contribute in concert with newer molecular and genetic methods to help piece together a complete picture. 6 In one twin study, heritable influences accounted for 46% of the variance in PTSD, and for 71% of variance in females. 7, 8 Another study suggested that exposure to assaultive trauma (robbery, sexual assault, and other life-threatening events) may not be entirely random and is influenced by individual and familiar risk factors. 9 Indeed, it is known that parental post-traumatic stress can cause negative psychological outcomes and potential biological alterations in their offspring, with several studies indicating that severity of a parent's PTSD symptoms may contribute to a child's psychological difficulties-namely anxiety, depression, and behavior problems. 10,11 Furthermore, childhood adversity has been strongly implicated in the development of many psychiatric disorders, and individuals who experience these early life adversities are at greater risk for PTSD in adulthood. 12, 13 The psychological collateral of trauma-related distress can percolate through the family unit, potentially exacerbating risk factors that may lead to the development of future psychological distress or disorder.
In addition, PTSD has common comorbidity with other mental disorders, namely major depression, substance abuse, and other anxiety disorders. 14 While the DSM-5 is limited by its definitions and diagnostic criteria, genetic evidence suggests that these disorders may fall on a spectrum rather than being entirely independent entities.
Epigenetic mechanisms
Data from twin studies suggests that PTSD is at least partially heritable and, by definition, requires influence from environmental trauma. 9 Epigenetics is defined as the study of changes in organisms caused by modification of gene expression rather than alteration of the genetic code itself, and more recently it has come to refer to direct alteration of DNA regulation, but without altering the primary sequence of DNA, or the genetic code. With regards to PTSD, epigenetics provides one way for environmental exposure to be "written" upon the genome, as a direct result of gene and environment (trauma) interactions. The epigenome is influenced by both genetic and environmental factors-the environment in effect is written onto the genes themselves. While epigenetics does not change the sequence of the DNA code, it does alter the expression of genes and may contribute to long-lasting-in some cases intergenerational-phenotypic effects. 15 There are several mechanisms that drive this process, three of which have been widely studied.
Histone modification
Histone proteins (H2A, H2B, H3, H4) help organize DNA into structured units called nucleosomes. Nucleosomes are packaged units formed by spooling the DNA sequence of 200 nucleotide base pairs around eight histones (octamer), which help to compact the DNA. The nucleosomes can be thought of as "beads" and are connected by linker DNA forming a collection of "beads on a string" called chromatin. Chemical alteration or modification of histones-through acetylation or deacetylation-influences the structure of chromatin, remodeling it to either coil or uncoil and altering the ability of RNA polymerase to transcribe genes. Thus, histone acetylation or deacetylation regulates the extent to which a gene is expressed by altering chromatin structures. Histone regulation has been implicated in a number of activ-Epigenetic approaches may afford novel targeted therapeutic approaches to enhance treatment and prevention of PTSD
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ities in the brain related to emotion regulation, for example traumatic memory encoding and fear extinction, 16 which is an important process that is dysregulated in PTSD.
Histone acetylation occurs when the enzyme histone acetyltransferase (HAT) interacts with the histone protein, adding an acetyl group to lysine residues in the N-terminal tail of the histone protein. Acetylation of histones by HAT causes the uncoiling or loosening of DNA, creating decondensed and "open" chromatin structure (euchromatin), which allows access to the DNA by proteins involved in the transcriptional machinery, copying the DNA sequence into RNA. Conversely, histone deacetylation occurs when histone deacetylase (HDAC) removes the acetyl group added by the HATs. Deacetylation of histones by HDAC causes the coiling of DNA, creating condensed and "closed" chromatin structure (heterochromatin) making it densely packed and more difficult to transcribe-in effect inhibiting or repressing gene expression. Histone methylation provides yet another mechanism of histone regulation, mediated by histone methyltransferases. Generally, histone methylation is thought to have an opposite effect to histone acetylation, generally consistent with condensing chromatin structure, though this is also dependent on which specific amino acid components of the histones are modified. In summary, without changing the DNA sequence or even directly modifying the DNA chemical structure, this process of histone modification allows genes to be turned on and off by making regions of DNA either accessible or inaccessible to the transcriptional machinery.
DNA methylation
DNA modification through direct methylation is one epigenetic process that has been widely studied in PTSD. Although there are more than 20 identified DNA modifications, 17 5-methylcytosine (5-mc) and 5-hydroxymethylcytosine (5-hmc) 18 are two types of methylation-related modifications that are highly prevalent in neurons related to known processes involved in PTSD, such as learning and extinction of conditioned fear. [19] [20] [21] DNA methylation changes within a gene can occur at any stage during the life cycle of a cell, 22 and they have been characterized to make a long-term impact on transcriptional response due to different stress-related environmental factors, including early adverse life events. 23, 24 There have been many reports of increased and decreased DNA methylation in response to exposure of stressful life events. Thus, it is important to understand the mechanism of both addition and removal of methyl groups. Methylation is mediated by DNA methyltransferase proteins, DNMT3a and DNMT3b, to add a methyl group to an unmethylated cytosine C5 position. 25 The oxidation of 5-methylcytosine to 5-hydroxymethylcytosine is mediated by ten-eleven translocation proteins (TET1, TET2, and TET3); hydroxymethylcytosine is an intermediate step in DNA demethylation. DNA-binding proteins have also shown to be involved in active demethylation of DNA, and other proteins involved in dynamic transcriptional activation or repression can also "recruit" DNMT and TET proteins, leading to a longer-lasting alteration in DNA methylation status. 26, 27 One example of DNA methylation findings are the role of differential methylation at the FKBP5 gene, which is further outlined below as a critical regulator of the HPA cortisol response. DNA demethylation at glucocorticoid receptor binding site (GREs) within the FKBP5 gene in peripheral blood cells and hippocampal progenitor cells was found to be associated with prior exposure to childhood abuse. 23 Recent studies also suggest that epigenetic marks might be transmitted down to the next generation, influencing the risk of diseases in offspring, 28, 29 though these have typically been small or underpowered studies that require expansion and replication.
Noncoding RNA
Noncoding RNAs (ncRNAs) are transcripts from DNA, but unlike other RNAs, ncRNAs are not translated into a polypeptide or protein sequence. ncRNAs are functional and are involved in the processing and regulation of other RNAs such as messenger RNA (mRNA), transfer RNA (tRNA), and ribosomal RNA (rRNA). 30, 31 Recent more detailed reviews highlight the role of different types of ncRNAs, such as micro RNA (miRNA), long noncoding RNA (lncRNA), and retrotransposons, that may become useful biomarkers for trauma-related brain disorders such as PTSD. 32 miRNAs are characterized by 21 to 24 nucleotides in length. They are thought to generally bind to the 3' untranslated region or other untranslated regions of their target mRNAs to regulate gene expression. 33 Studies have reported the miRNA expression level changes in experimental stress models. [34] [35] [36] One of those studies linked to hypothalamus-
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pituitary-adrenal (HPA) axis pathways identified a specific miRNA, miR-34c, to be upregulated in a stress-dependent manner in mouse amygdala tissue. 37 In rodents, miRNA also seem to be regulating glucocorticoid receptor (GR) function through post-transcriptional effects that are sensitive to stress exposure, thus influencing the regulation of GRregulated downstream genes to alter the behavioral response to stress. 34 lncRNAs are characterized by longer than 200 nucleotides in length and are also involved in regulation of gene expression in PTSD. 38 Although there are not many studies on the role of lncRNAs in PTSD, Guffanti et al previously identified a single nucleotide variant lncRNA-lncRN-ALINC01090 (previously called AC068718.1) that reached genome-wide significance in a GWAS of PTSD. 39 
Candidate gene studies
While twin studies suggest a genetic component to PTSD, candidate gene studies aid in identifying specific genes that may be associated with the disorder. Candidate gene designs examine the main effect of specific genes on expression of a disorder and typically focus on biological candidates that are selected using existing biological evidence. 4, 5 That said, there has been much pushback, even controversy, as to the use of candidate gene studies in recent years, as large-scale GWAS studies have been possible and have expanded markedly. Few if any prior candidate genes have been replicated in a well-powered GWAS, though the Million Veteran's Program study appears to have found an HPA-related gene, corticotrophin releasing factor receptor (CRFR1), associated with hyperarousal in PTSD. 40 Additionally, without well-defined pathophysiology of a disease-as is the case for psychiatric disorders-it is not always straightforward to define candidate genes. Overall, prior candidate gene studies need to be regarded with skepticism until larger-scale replications and extensions have more definitively demonstrated their involvement or lack thereof.
With those caveats in mind, we feel it is still worthwhile, even if for historical purposes, to mention the work to date. The current literature on the genetic markers for PTSD spans more than 100 studies published since 1991: for a detailed overview of this literature, we direct readers to several comprehensive reviews. 4, 5, [41] [42] [43] [44] The present review focuses on the HPA axis and FK506 binding protein 51 (FKBP5), discussing several of the more robust studies examining this target.
Repeated exposure to trauma alters endocrine mechanisms involved in the stress response. The hypothalamic-pituitary-adrenal (HPA) stress axis-in addition to filling many other roles such as immune and metabolic function-guides the endocrine response to stress. 45 HPA axis dysregulation has been observed in both depression and PTSD, though each disorder appears to have unique manifestations. 45 The effects of this dysregulation change the HPA axis function, altering its response to cortisol feedback. This is thought to be associated with physiological and psychological emotion dysregulation and stress hyper-responsiveness, both of which are implicated in PTSD. 41 Evidence also suggests that early life adversity may contribute to epigenetic changes in the HPA axis which may impact the development of PTSD. 45
FK506 binding protein 51 gene
The FK506 binding protein 51 (FKBP5) gene is perhaps the most comprehensively studied candidate among genes related to the HPA axis. It is believed to be an important regulator of stress response through altering GR sensitivity. 5, 46 Through its role as both an inhibitor of GR translocation to the nucleus, but also an exquisitely stress-and GR-responsive gene, it is thought to act as a rapid, intracellular feedback regulator of GR sensitivity within the cell. FKBP5 has shown strong association with PTSD in conjunction with a history of childhood trauma/ abuse when examined in gene-environment interaction (GxE) studies. 23, 47, 48 One such study identified allelespecific, early trauma exposure-dependent demethylation of CpGs in FKBP5, which suggests a FKBP5 x child abuse interaction resulting in differential (?upregulated) transcriptional activation of FKBP5 in response to childhood abuse. 23 Wang et al systematically reviewed interactions between FKBP5, early life stress, and risk for PTSD. Results from this meta-analysis revealed a significant interaction between the T allele of rs1360780 and early life stress in those with PTSD. The C-allele of rs3800373 and the T-allele of rs9470080 also interacted with early life stress and predicted higher risk for PTSD. 49 A second more recent meta-analysis reaffirmed these findings and adds to the mounting evidence of an overall effect of FKBP5 interacting with trauma exposure on PTSD. 50 Although the precise mechanisms are still to be understood, a working
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hypothesis is that exposure to prior trauma, particularly early life stress, interacts with stress-sensitive genotypes through long-lasting DNA methylation changes in FKBP5, leading to greater stress responsiveness later in life through altered GR sensitivity.
Epigenetics of intergenerational transmission of stress
Recent mechanistic studies using animal models have investigated the effects of stress on epigenetic machinery and how future generations may be affected. Rodent studies examining parental care influences revealed that differences in maternal phenotypes, namely grooming behavior, had effects on their pup's development of behavioral and HPA responses to stress as adults. 51 Further studies examining DNA methylation in high vs low maternal care parental behaviors revealed elevated DNA methylation levels in the offspring after low maternal care, and lower methylation in those with high maternal care-potentially contributing to reduced transcriptional activation of the GR in the low-maternal care offspring. 23, 51 In humans, Yehuda et al examined intergenerational effects of trauma in Holocaust survivors and their offspring through measuring cytosine methylation within the FKBP5 gene. Results revealed differential findings for survivors and their offspring, with higher levels of methylation in survivors compared with controls, and lower in offspring, further demonstrating the potential of trauma influences on epigenetic mechanisms to have intergenerational effects. 52 While these studies have small sample sizes and need replication in much larger cohorts, as discussed below with genome-wide studies, they provide intriguing initial insight into gene regulation as a function of epigenetic alterations in trauma-related symptoms and syndromes.
Genome-wide association studies
The current most powerful and robust method to study the interplay between genetics and PTSD uses genomewide association studies (GWAS) to provide an unbiased approach to identify loci in the genome that have association with PTSD. Large-scale GWAS compare hundreds of thousands of single-nucleotide polymorphisms (SNP) across the entire genome to identify variants that may have a causal effect on the disorder. Only in recent years has the fiscal feasibility of using this method become possible with a drastic 2000-fold reduction in cost per genotype in a 10-year period. 44 A major challenge with this approach, however, is amassing a large enough sample to achieve the required statistical power to detect these loci-with a statistical P-value threshold of 5x10 -8 required for the multiple test correction after examining roughly a million SNPs per individual. 44 The Psychiatric Genomic Consortium (PGC) was organized in 2007 to centralize the GWAS from around the world and to adequately power analyses. 42 Subsequently they are now the largest collaboration in the history of psychiatry, with more than 250 000 subjects, and the inclusion of more than 500 scientists from 100 countries. 42 Already other mental disorders such as schizophrenia, depression, and bipolar disorder have utilized GWAS successfully to identify genes and molecular pathways of interest, and only recently has focus turned to PTSDwith the first GWAS recently published in 2013. 53 We have identified 12 successful GWAS in PTSD to-date ( Table 1) from individual studies, which discovered several genes of interest due to their prior associations with stress or epigenetic regulation of neuronal function, including the following: LINC01090, BC036345, ZNRD1-ASI, and RORA. 40, 42, 46, [54] [55] [56] [57] [58] [59] [60] [61] [62] Most of these cohorts and many more have been combined for the meta-analytic approaches of the PGC, and are currently examining GWAS for PTSD in >150 000 subjects. Thus, it is still relatively early in the field and further research is required. GWAS are the first step in identifying these genes, and further studies using an array of molecular and clinical methods must still be employed to validate these findings. 5 Given the multiple genes of small effect size that are found in large-scale GWAS, it is not yet entirely clear how these findings will lead to actionable interventions. There are several thoughts about this, which remain to be determined: (i) while any given SNP or gene may have small effects, "hub"genes or combined pathways may be triangulated and together have much larger effect size and serve as important targets representing additive risk from multiple genes and SNPs; (ii) while the common variant findings indeed have very small effects when the entire syndrome of PTSD is considered, there may be yet-to-be-determined biological subtypes of PTSD, each of which is determined by a smaller number of larger effect size variants with less biological heterogeneity; or iii) while the common variants and genes themselves in a causal fashion are of limited effect, their identification will lead to novel understanding of the biology of PTSD, 
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leading to novel more powerful interventions. In summary, the field is hopeful that many robust GWAS gene candidates will be identified with these tools, potentially transforming our approach to the biology of PTSD.
Epigenome-wide association studies
Following a similar unbiased approach, epigenome-wide association studies (EWAS) offer a novel approach to finding candidate gene pathways through examining epigenetic mechanisms at a genome-wide level. EWAS studies to-date have focused primarily on DNA methylation, which has been the most cost-effective to examine in large data sets. 30 We have identified 10 EWAS studies to date that examined DNA methylation (Table II) . 24, [63] [64] [65] [66] [67] [68] [69] [70] [71] Recent EWAS focusing on combat veterans identified evidence for a relationship between combat trauma and PTSD symptoms, which may be mediated by longitudinal changes in DNA methylation. [66] [67] [68] Analysis revealed a number of gene associations to PTSD symptom severity including the following: BRSK1, LCN8, NFG, DOCK2, ZFP57, and RNF39. [66] [67] [68] The PGC-PTSD has also commissioned a work group to focus on building a data set to adequately power large-scale PTSD research examining DNA methylation and other epigenetic mechanisms. 70 A recent publication by the PGC-PTSD outlines a framework for using meta-analysis with modest sample sizes to create well-powered epigenetic association. 70 Further, Uddin et al conducted a meta-analysis using three civilian cohorts and identified NRG1 (cg23637605) and HGS (cg19577098) as biomarkers for PTSD. 71
Conclusions and future directions
Epigenetics provides potentially the best approach for understanding the interaction of genetics with environmental exposure to trauma in PTSD. Here we have reviewed some recent progress in understanding DNA methylation, histone regulation, and noncoding RNA approaches to epigenetic regulation in PTSD. The most profound recent progress in the biology of PTSD has been the onset of large-scale collaborations to support enormous studies in the genetic architecture of PTSD through the Psychiatric Genomics Consortium and collaborative GWAS studies, allowing compilation of hundreds of thousands of samples. These consortia are also beginning to allow combined datasets examining DNA methylation arrays and RNA sequencing studies, which soon may also be very well-powered. Together such approaches offer great promise for determining the true genetic and epigenetic architecture of risk vs resilience in PTSD. Such progress may afford novel targeted therapeutic approaches to enhance treatment and prevention of PTSD in the aftermath of trauma. n Disclosure/Acknowledgements: KJR supported by NIH (R21MH112956, P50MH115874, R01MH094757 and R01MH106595) the Frazier Foundation Grant for Mood and Anxiety Research and Partners Healthcare Biobank. KJR has received consulting income from Alkermes, and is on scientific advisory boards for Janssen, Verily, and Resilience Therapeutics. He has also received sponsored research support from Takeda and Brainsway. None of these sources of industry support are related to the present review.
